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The spin-i]  lduccd quadruple lnomcnt of a m] jidly rotatil~~ sitar chang’cs  the or-

bital dyna]]lics in a l.)inary  system, giving rise to wl vallcc  (or regression) of periastron

and pmcwssion of the orbital phc. Wc show that these, efrccts  am important 111 the

recently discoverml  radio pulsar/main  seque]~ce star binary systenl I’SR. tJO045–7319,

and reliably account for the observed peculiar timi]]g residuals. l’rccisc  mea,surcmcnts

of the apsidal  motion and orbital plane precession can yield valuable information on

the internal structure and rotation of the star. ‘J ‘hc de{lectio]l  of’ orbital precession

inlplies  that,  the spill of the companion star is xmt a.ligllcd with the orbital angular

monlclltum,  and suggests that tile supernova gave the pulsar  a kick out of the origilml

orbital pla.lle. Excitatiolls of g-mode oscillations n(ar periastroll (the dyllalllical tide)
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can induce measurable changes in the orbital period and ecmmt rici ty at each passage

for this system. We also discuss the spin-orbit cou])ling eflects  fbr the accretillg X-ray

pulsars and tile other kllowll  radio pulsar/l]lain scquellcc billaryl  PSR B 1259–63.

Subject headings: )inarics:  C1OSC - pulsars: in(lividua.1:  l>S1{.  J0045 --7319, PSR

D 1259-63-  stars :  early t ypc - stars:  rotation stars: oscillatio]ls
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1. IN’J’RODUCTION

The discmcry  of radio pulsars in binary systems with nlassivc main sequence

stars (1’SR B 1259—63, ,Johnston  et al. 1992, 1994 and 1’S11.  ,10045--7319, Kaspi et

al. 1994) makes it possible to measure a]}sidal lriotion  a]ld other hydrodynamical

cffcc.ts  cm the pulsar orl)it. Jndd, the dctecticnl  of large (:1 30 msec) frequency-

i?dcpcndcnt  tinlillg residuals from PSI{  JO045--73 1.9 (Kaspi ct al. 1995a) has nloti-

“ vat ml our c.ollsi&ratJion  of the dynamical eflccts  caused by tllc s] )ill- induced quadruple

on the stellar cox]lpal]ion. his is cxpcctcxl to be tl]c domilmnt c~~cct, as massive main

scqumce  stars  arc fast rotators and typically have rotation periods on the order of

clays (Jascllck  & ,Jascllck 1987). Wc shc)w that tile spin-orbit coulding in tllcse sys-

tellm  is illdecd sigllific.ant,  an(l Icads to lmth apsidal  motion and precession of the

orbital plamc that c.a~l  account for the timing rcsi(luals SCC]l in I)SR JO045–-7319.

Tllc ill formlatioll  learned from pulsar/main scquencc bimries  will conlplcmcMt

the studies of double Inain scqucncc  binaries, ~]mny of which l]avc large enough

quadrupolcs  (either frwn tides or fast rotation) to cause n]casurable apsidal  mo-

tion in their eccnltric  orbits. As rcvicwecl by Claret & Gimm  lcz (1.993), the apsiclal

Illotion  is coxlll)illed  with information oll Illc stellar masses, radii  and spins to yield

the apsidad  ccmstwd, k, which is a di]llmsiolllcss  nleasure  of the dc]lsity concmtration

Of the stellar ixltcrior. ThCSC I1lC?MUrCIllCIJtS  COIIl])ZirC  f.2iVOl’[il)]jT With thOSC  CX]>CCtC(~

froIll theoretical stellar structure models (SW ~la d & Gilllcucz 1993 for the few cx-

ceptiolls), ‘1’llc pulsar systcn]ls  c.omidcrcxl  llcrc arc most sensitive to tllc spill-induced

quadruple, perlllitting better studies of the oric]ltatioll  and ]w+ylitudc  of tllc spin

of tllc stellar co]npallion. Both of tl]cse quantities arc inlportallt to constrain and/or

llleasurc  in tlw context of mass trallsfcr  prior to the supernova and “kicks)’ during

the neutron star birth.

Wc start in $2 by cxplailling  why the spin-il]duccd  quadrupolc  is important for

these systems and thcm summarize the full cqual,ions  for the prmcssion and apsidal

motion, ccmccting  some previous typographical errors.

induced tinlc delay is large and easily mea,sura})lc  for

cmlsidcration, I’SR JO045–7319 WI(1 I]SR D1259--G3
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elIec.t  is prescmt  in the timing data of PSR.  JO045-  -7319. 111 particular, tllc unusual

residuals observed by Kaspi et al, ( 1995a) are the 1 esult  clf fittil]g  a purely Keplerian

orbit to irregularly smnplcd data in which apsidal advance and orbital precession are

present. Section 4 cent sins simple estimates of other effects that might prove im-

portant, illc.luding  tidal effects and general relativity. We SILOW that tidal excitatiolm

of high-order gravity nlodcs  ill tile coxnpanion  near  periastroll  caxl yield pleasurable

“cJMIlgcs  ill tile orbital period and eccelltricity,  We conclude ill 35 by outlillillg tllc

prospects for constraining the system parameters of PSR. JO045- 7319, and the pos-

sibilities for similar nleasurelnents  in accreting X-1 ay pulsars.

2. S}) IN-ORBIT COUPI,ING IN IJINAIW  SYSTEMS

The lleutron star’s gravitational field couples tt) both the ti(lcl-illduccd  quadrupolc

and tile spin-i nducd quadrupolc  of the stellar colnpanion. Wc hcgill by comparing

tile relative nntgnitudcs  of these two cfrccts.  The { iclal bulge o]l tllc stellar compani-

on has a height lL N MIJIi~  /( A1Cr3  ), where  Mc an(l & are tile conlpanion mass and

radius, Ml) is tllc pulsar (neutron star) mass, an(l r is the il~stalltancous  cellter  of

nmss scparatioll.  ‘Tllc ti(lal quadrupolc  is tllml roughly

(1)

WC CO]lI]NWC  this to the quadrupolc  induced by rotatioll at angular velocity, Q. =

2K/I’.,

( )

0%:
QSpil, N kA4C1i~ --A - .

GA4C
(2)

At pcriastron, tllc ratio of these two is

(3)

where I}Or])  and c arc tile orbital period and eccclltricity.  Itquation  (3) shows that

neutrml  stars  which orbit massive stellar coll]pallions lla,vill~;  rota,tioll  frequcllcics

sllortcr  than tile orbital frequency arc most scllsitive  to tl]c s])ill-infiuced  quadrupolc.

l~inary systellls ccmtainillg  early-type stars (in parl,iculm  tllosc with collvcctivc  cores
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a]ld radiative cnvclopcs)  with orbital periods longe]  than 2 – 3 days arc not cxpcctcd

to circularize and synclmmizc  appreciably ill a time comparable to the main sequence

life s]>an (Zahn 1977). ]Ioth I’SR 131259–63 and 1’SR. JO045- 7319 are of this type

and, as we dcscribc  in 53, are timed with sufflc.icllt accuracy for these effects to bc

measu ra}.de.

2.1 Spin-Tnduccd  l)isiortion

The quadruple from the rotational distortio]l of the filli tc-simxl  companion is

specified  by t]le difIcrellcc Ijctwccn the ]noIl]cnts  of i]lcrtia about tllc spin axis, 13, mld

an orthogonal axis, 11. CYaret  & Gilncnez (1992) calculatcxl  Illc lllonlcld of inertia

for slowly rotating nlaixl sequcllce  stars. We illcor] loratc  their results by introducing

a parameter ~, WIIOSC value  is close to mlity, so tlljat,

(The partmletcr  A also accmults  for the increase of the equatorial radius of the ro-

tating star,  which call bc as large as 3RC/2 near tile Ina.xilllulJl  rotation rate).  The

quadruple from the rotational distortion of the star is proportional to the spill

squared. Following the conventional definition of the apsidal  motion constant k

(Cowling  1938; Schwarzschikl  1958), we write

lS -- II Z- -; khcfCl@~, (5)

. A

where 0S is the dimcmsionless  spin fl~ = fl~/(G’iMC/R~ ) ] 12 of’ tlllc companion. For

stars with ulliforlll  density, k =. 3/4. For tlie .714C % lf)kf~) IIlain-sequence star of

interest llerc,  k w 0,01, depcll(ling cm tllc stellar age (Scllwalzscllild  1958;  (llarct &

Ginmm 1992). Although strictly speaking expression (4) is valid only for {1, <1,

for colivellicllcc  wc will usc it cveII wl]ell tl]c s~)in rate is CIOSC to the brink-up value

{1 S.?ttax  - 1.5–3/2 ? O.u

2.2 Spin-Inclucccl  Apsidal  Motion and Orbital l)rcccssion.

IIccausc of the spill-iuduced quadrupolc  ]llo]llent,  the potmltial  betwcc)l the conl-
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poxmits deviates from -- GikfCLfl,/r  by all amount

GA4P(13  -- J,)AV ~ --- .-.—-xi ----- (1 -- 3sin26 COS2  ~~) , (6)

I wlmw 13 is t,hc angle: lwtwmn the orbital angular n)omcmtum  IJ and tile spin angular

I mmlmtum  S, and + is the orbital phase (t/} == O when the pulsar lies in the plane

I ddin(!d by 1, aIl(l s). This leads to apsidal  motion (adval)cc or regression of the

I ,lollgitude of periastron) and, when the spill S is not aligned with ihc orbital angular

I Illomelltum  Ii, a prcccwsicm  of the orbital plane. Tl)c general exlwcssions  for the rates

of apsidal  Illoticm and orbital ]mxxssion  ha.vc been derived Ly Slnarr  & 131andford

(1976) and Kopal (1978)  using standard cclcstial mechanics perturbation theory.

III tllc coordinates of Figure 1, the rate of cl)ange  of the dyl}alnical  longiiudc  of

I periast,ron  (mmsurcxl  frcml the asccllcling  node in 1 llc illvarialdc  ])lallc pcrpcmdicukw

to J =- 1. +- S), ~, is given by

37r(13 -- II)
x = ifcaz(l - C2)2]J0,1, ( )

1 -- -~ sin2 O + ~ sin 20 cot 0, , (7)

wl]crc a is the sellli-major axis of the (relative) orl)it, and OC is tllc angle lwtwwm IJ

and .J.  2

‘1’hc orbital plane precession rate can also I)c ol~taincd usinf,  pcrturlmtion theory.

I Mom directly, we cm obtain it be considerillg tl)c intcractiml  torque  betwccm  the

stars.  After avcragill, g over OIIC orbital period, the torclue  actiI]f; 011 the orbit is givcIl

by
3GM (13- I]) COS6SXJJ

N = ----------P ------ ------ --—s7 ----
2a3(l  -- c2)3/2 ,

(8)

The precession rate !21,,CC  = 6J (cf. Fig. 1) of 1. around J is tllcrcforc

fli,,cc ~ _ !GA4~(J3 ‘- ~]) cos O J
–“--”-”-(2’$::3’)  ‘9 )

3X(I3 -- 11)_—-—.  —.—
2cz3(l  –  C2)312 s], Mcd(l – c2)~I’orb

—
2 ‘This c.all  lx: clcrivcd  following tllc pcrtlllba.tiol]  procedure of ~11 -3. C of Goldstein

(1980), except that hem the action variables arc J] = 27rIJ Cos @c, .12 = 27rl,, and Ilotc

that tllc perturbation IIanliltonizul  ( 11 -58) (lcpcnlds  on O (or i ill Goldstcill)s notation),

the aI@c between 1, and S. Note that in lkl. (3. 10) of %narr & IIlandforcl  (1976),

sin2 (J + 0) should bc sill 2(6 -{- 0); also ill I’;q.  (1 1.-60) of Goldstcill (1980), the factor

(1 - (:2)--’ slloul(l  be (1 -- C2)--2.
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where the minus sign implies that 1, precesses  in a (Iirection opposite to J, and we have

used 1, == [Gikf~M~a(  1 — e2 )/Mf ]1 i2 for tile Keplerian orbittil  angular momentum.

]n tllc limit of small mass ratio Mp < A/fc and S > I,, W1lCIW s L IS[ aI~d ~/ ~ [J~\,

cquat ions (7) and (9) reduce to the rates of apsiclal motion alld orbital precession

for the Earth-satellite system (Goldstein 1980). By contrast, for binary pulsars of

interest in this paper, T, >> S, Using the momcmt  of illcrtia  and quaclrupole  from

equations (4) and (5) we obtain

10kM1, ~ 3/2
flpr.c Y --Slorb—

---( )

Q. C.os  (3
A(McMt)l/2  ‘ a ’ ” (~--j ;~)3/2  ‘ ( lo)

where M { == Mlj + Mc. ‘1’he angle of the precession colle  (i.e., the wlglc between r,

and J ) is given by

(11)

ill tll(:  1. >> S limit.

It should }m noted that the derivation of the above cquatiolls assumes the com-

panion star behaves as a rigid body. onc might b.: concerned that fluid stars rcsponcl

to c:xtcrnal  forces difIerclltly  than a rigid object (Smarr & llla.ndfcnxl  1976; Papaloizou

& Pringlc 1982), ‘1’his is by no means a resolved issue, a]though  it seems unlikely

that deviation from rigid body behavior is large since tllc tidal distortion of the star

is small cmnparcd to the rotational distortion. Tile observatliolls  of these pulsars may

well ]wovide  information on this subtlety.

2 .3  IHTcck  on the Ohmrvablcx

Tile a.psidal  Inotio]l  and orbital plane precession cllangc w, the observational

longitude of pcriastron (measured from the asce]lding Ilodc  in tile plane  of the sky),

and i, the orbital inclination augle (the allglc between 11 and I), the unit vector along

the ]inc:-of-si,ght).  I,ct iO bc the amglc between J and n (see Fig. 1), ill which case the

obscrvat ional angles w and i arc related 10 ~ an(l @ by:

1 . . . .S]llw =- —;-~  [(s111 $C Cos 20 + C.os @c SIIL to C.os @) sinx -1 siniO cosxsinq’]  ,
Sill 1 (12)

cos i . — sillt?C  silliO cos @ + cos i. C. OS @C.
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For L >> S or 0. << 1, these reduce to w & X + @ and i & iO + (?C cos @. Using

equations (5), (7) and (9), we then have

‘- ““----”-” ---(1 -’~”si’120) ‘Qor’’%%’ (’-”: si’”o) ’13)
37r(13 – 1,)

w  m ‘ticii(l  –  C2)21’0,~

arl(l

Thus for typical O and g’, the numerical value of di/dt is comparable to that of

w. Note that tile observed apsickd  motio]l is an advance for sill O < (2/3)] i’ and a

rwgrwssion  in tllc opposite case. In additiojl,  twice in OILC precession c.yclc,  at @ = O

a]l(l  w (i. c~.,  WIIC]l .J, 1, arid ]~ lic ill the salrle  plarle),  tile rate di/dt for the c~m]lgc  of

the orl)ital  inclimtion  arlgle is identically zero.

3. SI}IN-ORI]I’J’  llF’FllCTS ON BINARY PIJI,SAIL  T I M I N G

We now consider the ef~ccts  of spill-orbit  coupling on the tillling  of the two binary

pulsar systems with lllaill-scqllellcc-star  colnpanions. The c)rl.)ital  motion gives rise

to a delay of 7’(t) =- r’], “ n / c  L r])(i) sill V(i) sil Li(t)/c ill tllc l)ul~C arrival  tilncj

where 1’1) =- rJ4C/(341j + ~4C) is t]lc pulsar position VcCtOr. ‘1’he orbital phase (or

true arlomaly)  V(t)  measured from the obsmvalioml  asccwding node is given by

~~(~) ~ Q(f)I{  + ~~, w]lcrc ~~(~)~~ is tile Kcplcrian  vduc. The longitude of periastron

w(t) axld tllc orl)ital  inclination angle i(t) vary ac.cordillg  to equations (13) axld (14),

with the precession phase  given by @(i) =- flprCCi -1- @O.

W C  are illtercstul  in the raidual JT(t)  ;= 1P . n/c - (1’1, “ 11/c)K of the time

delay comparwd to the Kcplerian  value. l’or  f << l/lflP,cCl  a]ld t << l/ltil,  we have

67’ = 67&*,.  + 6!7’~rCC, where  the contributions frolll  a.psidal  nlotioll  and orbital plane

precessioxl  are given by (assullling JT =- O at t L O)

(15)
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clearly,  tllc:  residual resulting from the neglect of vmying w aIld i ix) the tiIniIlg model

iIlc.reascs  with t, and is modulated by tile orbital lnotioxl 3 . Equations (15) are the

leaflillg  or(lcrcorrectiolls  for this eflect,  and arcvalicl  fortillle  scales  muchlms  than

the precession period, which is N 300 yearsfor I’SRJO045-7’319 (see $3.1),  The

next order  tmms are of order tit or (di/di)i  sIId(:r  and have (lifltmnt dependmces

OH i zmd V. The acculnulation  of accurate timin~:  data over a longer  baselirle  will

“fllrtllcrcollstrailltllc:  system.

3.1 l’Sll Jo045–7319

Radio timing observations by Kaspi et al. 1994 of the 0.93 s ]mlsar PSR ,10045–7319

have idcntificxl  it to l~e in a]l eccentric (e =-. 0.8080) 51.17 day orbit,  having projected

scllli-lllajor  axis af~ sill i/c =- 174 s. !l’lley mwlc  optical obsmvatiolls ill tile direction of

{Illc pulsar WLC1 fouIId a IIIV star with B L- 16.03 alId V = 16.19 wllic.11 snowed  no evi-

dcxlc.c  for elnissioll  lines. Clmlbining the cf~ec.tivc  tmnpcraturc (7Lfl % 2.4x 104 K) and

rcddellillg  (A\/ O-J 0.27) with tile ol)served  colors gives R.C w (6,4 + ().5) RO(d/59  kpc).

TIIC optical radial vclocit,y  measurements of’ the 1] star fix its ]Iltiss  to be (8.8+ 1.8)Af@

for Ml, =.- 1.4AIO)  and give i L- 44 + 5 degrees (I]ell et al. ] 995). This then yields

a Y 1 2 6 1 ?0) Y 201(.,. ‘1’he rotational velocity v,.Ot  sin t9s,, w ].95 :1 20 km/s  (WhCIC!

0s.,,  is the angle I)ctwccn  S and n) obtained frolll  spectral lillc broadening (Bell et

al. 1!9!35) is collsistellt  with rapid rotation ]]car break-up, (1s V O.J,  collfirmiug that

the systelll  is Ilot  synchrcmizecl.  Equations (10), (13) and ( 14) tllell  give

-.
3 Note  that for very eccentric systems, the chalqys  in w aIId i maildy occur near

pcriastro)l, rat]ler  than accmnulating  uniformly tllrougllcmt  tllc orbital period. WC

IICglCCiJ  this fi]lcr point ill cquatioll (15).
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The tilning residual AT accumulated in one orbit is estimated by setting rl, M 2aP

and t - l~rl,/2  in equation (lb), giving

!“

AT.,,.  E ~@~wPorb  = 56
c (0%)(2’$)2(%J2(  1-” ~si””)  ‘ns)

A7;,reG  Y
a)) co’ i di
— - - –  -#k Y 56

c (i$i)(3:’’)2(::)2  (:~si1’oc0sosi’’)’)  ‘“s
(17)

The modulatwl  residual ill just one orbit is thus comparable  to the residuals found

by I{aspi et al. ( 1995a.).

I 3.2 l)S1{ 111259-63

This 47.76 HIS pulsar  is i]) wl eccentric orbit with an De star c.ompaIlion  with

I’O,b -1236 days, c =-- 0.8698, and a),  sin i/c =- 1296 s (Johmtoll  d d. 1992, 1994).

‘1’hc optical data for this emission lillc star are still inadequate to place strong con-

strailltjs  on tllc spcc.tra,l  type wid hc]lc,e  radius  of the star, so wc will usc the fidu-

cial values chosen by Johnston et al. ( 1994), RC L G.R@)  and A4C =- 10 MO. For

Ml, =-= 1.4MO),  wc obtain a =- 10911i?@  == 182RC. For  typical wducs  (A R 1, k v 0.01

~ --4,1 x 10--5 cos13  rad/yr,  ti Y 2.4 x l()–G(l  –-3/2 sin2 0)and (1s c-’ 0.5) \vc g(!t (l,,rcc

rad/yr,  aIld di/dt w 2.4 x 10--6 sin 0 cos 6’ sill @ rad/yr.  TILe tiuling residual  accumu-

lated iu ONC orbit is given by

Thus AT can potentially afrcct  the tilrling  paralnet(:rs  for this systmn  as well,  I1ldeed,

using a pure Keplcrian nlodcl for the systenl  resulted in substantial systematic timing

resi(luals (Jolnlsto]l et al. 1994; Manchester ct al. 1995). i, FroIIl  our cstilllatc above,

it is clear that tllcsc rcsidua]s  nlay well nave a sigl~ificant contribution from the

unfitted ti and di/dt.  A full uncierstandillg  of this system  will I)c colnplicated  by the

disp(!rsicm  aIld radio eclipse caused  by tllc wind fr~)lll  the Ilc star.

10



Note  that tllc expressions given in $2 dcscribc  tllc secular change of tllc orbit,

i.e.,  they are obtained by orbital averaging. To nloclel  closely -smnpled  timing data

spa.mlillg  o]dy a few orbits, as in PSR, 111259-63, a ]iumerical  illtcgratioll of tile orbit

with the perturbing potential given by equatioll (6) is required.

3.3 Data Fitting and the Obscrvccl  Ilcsidual in I)SR,  JO045–’7319

Using lxl~llti-freq~lcxlcy  radio timing olwx-vations of I}SR. .JO045–7319,  Kaspi  c%

al. (1995a) showed that tllc ol)scrvccl  baryccnl,ric  ] )ulsc arrival tilllcs  deviated sigllif-

icrmt  ly from tllosc expected from a pure l{eplerial L orbit. 111 lmrt icular,  they found

significant  f? ’cqtLc?zcy-i?Ldcpc  ?Lde?it  timing residuals for a w1O day duratiwl around pc:-

riastron.  Tllcsc  residuals sllowe(l  systematic varia{  ions oll t,ilnc scales of a few days

after sul)tractiml  of a Kcplerian orbital fit to tllc clltire  3.3 year (lata span. q’llc resid-

uals frolll  two periastron obscrvat ions separated 1 )y 11 orbits showed very di f~crcllt

trc!llds, inconsistent, with a simple! error in any of tllc Keplcri  a]] ]Ja,ra,lnetms.  T’llcy

xlote(l  that SUCIL rcsiduzds were unlike tllosc of’ ally other  pulsar, isolated or binary.

Wc show here that tllc unusual PSR J 0045--7319 residuals can lW cxplailled by

the relatively long-tcrnl  dynamical e{rccts  described above, ill spite of the former’s

apparent sllorl)-ti  lllc-sczile  variatio]ls.  To do this,  w(’ silllulatcd  tillling  observation for

a billary pulsar which has l(cplcrian  parm~lctcrs  sil)lilar  to tllosc  of PSR JO045–7319,

but ill addition ]Ja.s  two post-Keplcriall  parmlletcrs, tllc a])si(lal advmlcc L aIlcl a

t ime-variable  projcctwl  scllli-lllajor  axis i:, WIICIW  z = al, sill i. 1]1 t,hc silllulatioll,  z

and w were. illcxclllclltcd by 0.0044 It-s an(l 0.0035° pcr ol.l~itl  at pcriastron, which

gave tile Lest nlatch to the observed residuals, ‘1 ‘llcsc nuxlllms correspond to L &

4,4 x 10 --4 ra,d/yr zmd di/dt  w 1,8 x 10 -4 racl/yr, consistent  With cquatioll (16). T1lc

actual flt to ‘the data from PSI{, JO045—-73I  9 and 1 he inlplicatiolls for that source in

particular will lx: discussed elsewhere (Kaspi et al. 199GL),

Tile simulated data were then fitted with a pure l{ep]eriall orbit, holding all

l>[)st-I{c?]>lerizill  parameters fixed at zero, thus simlllating  tllc alla,lysis  do]lc by Kaspi

Ct al. ( 1995a). ‘1’hc residuals for this fit arc S11OWI1 ill tile Ilpper paIIcl  of FigLlre 2. T]lc

cflkcl  of t IIc ]Ic)st,-l{c:]>lcrizill  paraxll(!t  crs is c)l)vious as ml orl)i {al period lllodulat ion of



incrwisillg  amplitude relative to the fitting epoch (cf. cq. ( 15)). ‘1’llc’ fitted  Kcplcrian

paranlcters  arc biased away from the assulned  values lmcau s(: of tllc least-squares

fittillg  pmccxlurc;  indeed the fitted solution shown in the l~igum has ‘(spikes’) for this

reason. Next, using the same set of simulated arrival tilncs, wc selected those tlmt

coincide with actual observations of PSR ,JO045- 7319 at tllc Parkcs  observatory,

in ordc!r  to silnulate  the sampling interval used by Kaspi et al. (1995a) in their

tinli)lg analysis. Again wc fit a, simple I{epleriam  orbit, holdiug all post-I{ eplerian

parameters fixed at zero. The resulting post-fit residuals we shown in the middle

panel  of Figure 2. Close-up views of the two epochs of pcriastron investigated by

Kaspi  et al. are shown in the bottom panels; a comparison with the data indicates

that this model closely mimics the observed trends. Thus, WC nave shown that the

unusual residuals for PSR JO045—7319  ca]l be ex] )lained as lwillg  a result of fitting

a ]Jurcly  I{cplcriall  orbit to illfrcqucmtly  and irregularly sallll)lctl  clata in which post-

Keplc!rial] apsi dal advance an(l orbital plw]c precession arc sigu iiicallt.

4. OTII1’:R  I{IFJ’’I’:CTS

1’o1’  cmIqllc!tcllcss, we now discuss several cflccts that nli~;llt challgc the binary

orbit,  aIld coIILparc  them to the spin-orbit couplin~’,  cf~ccts discuswxl  ill ~2-3,

4 . 1  Apsidal Motion  clue to Static ‘1’idc

]Ierc we consider the standard tide-induced apsidal  nlotion widely studicxl  in stel-

lar binaries (cowling  1938; Schwarzschild 1958). 11 is assmmxl that at a given binary

separation t,lle  star rc!laxes il]sta,llta,llcollsly  to tilt cquilibriulil state. The resulting

static.  illtcractioll potc]ltial  is V(r) L –C;Ml, It4C/r — lcGM~li~/rG.  Assulllillg tile

orhita]  cncxgy ]; and angular momentum lJ arc constants, onc o} )tains the standard

forlllula  (~owlillg  1938)

(19)

For  l’sli

ml OA!I

g(!nclatc

JO045–7319, this gives titi~e~ 1.3 x 10- 4(k/0.01)(20RC/a)5  rad/yr,  about

of Inagnitudc smaller than tile spill-induced  w. ‘]’his secular trend is de-

with tllc spill-ill  duecd quadrupolc  e{~cct. Fo1 l’SIi 111259–63, titi~C, N
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2.7 x 10--1 O(k/O.O1)(  182 RC/a)5 rad/yr,  four orders of magnitude snlaller than the spin

cficcts, and is completely negligible. Note that, unlike the spill induced quadruple,

tidal cf~c!cts cannot produce clmnges  in the orbital inclination angle.

4.2 ltxcitations  of Oscillation Modes: Dynamical T’iclc

Energy  and angular  nlomcntum  are transferr(!d  bctwccll illc star and the orbit

during  each periastroll  passage, changing the 0]1 ~it al con stal ltls of motion, E and

1,. This occurs  when the changing tidal potential near  periastron excites stellar

oscillations in tllc companion. The energy transfer AE during each pcriastron passage

is est,ilnatcd  with the formalisln of Press & Teukolsky  (1977), W1]O  c.onsidercd  tidal

cxc.itatimls  for a parabolic. orbit .4 In the quadruple order, this is given by

(20)

tllc ratio of the tillle  for periastron passage M](1 tile stellar (lyllamical  time, and the

dinlellsionless  function 7; (q) (defined in Press & ‘J ‘kukolsky  1 976) illvolvcs  1 = 2 non-

radial stellar oscillation modes and the orl)ital trajectory. TIIe resulting fractional

change of the orbital size is simply As/a :.: –-Al;/~,  wld tllc or])ital  period change

is given by
IAI:,I,I  31A4  ~ 3&f, ::  5

Por~ z -2 a ( )
M, ,, (1 - c)’ %(?,). (21)

<

The aIq@w momclltum  transferred during periastron, AI, N A1l(GMC/@  )‘] 12 (I,ai

1994) gives

A?,

“fi- (%) ’’2(:”)3’2  2(1-- 1(2)/2)

~ A 1$
I,

(22)

wllicll  is typically llcgligible compared to lA1i/l; l, The resulting  change  in orbital

eccentricity is tllcll Ac: N (Aa/a)(l –- e2)/(2e).
_

4 This formalism is also reasonably accurate for highly elliptic orbits. This is

Iwcausc  most of the energy transfer takes place near  pcriastron, where the kinetic

energy and potent ial energy N GMI) MC/rT,(  i~~ arc ]Iluch larger tl]an the binding energy

L“M~,  AIC/(2a), a]ld the orl)it  resc]ll})lcs  a ]mral)olic trajectory.

13



To estimate the importance of tile dynamical tidal effects, we compare Au/u

with the fractional change (due to the static tide) of w in O]IC orbit Aw/(27r)  ==

bti~~l~~~/(2X):

(23)

For PSR JO045–7319, using the parameters of $3.1, wc have 7~ v 7.0, and TZ (q) x

3.5 x 10–4 for an n = 3 polytrope  with adiabatic index 1’ 1 =- 5/3 (e.g., Lm &

Ostriker  1986), where most contrilmtions  to T’2 (?])  come frwll g-l[lodcs  of radial order

5 – 9, This gives lAa/al N O. lAw/(27r), implying tl)at the pcrturhation  due to energy

transfer is much smaller than the tide-induced apsiclal  motion,  aILd  is therefore even

s]]lallcr tlla,ll tllc spill ef~cc,ts  discussed in $2-3. This estimate agrees with tllc l]lorc

detailed study by Kumar, Ao & Quataert  (1995), who concluded that the correction

to equation (19) from the dylmmical tide is only w lYo. Tllc  orbital period change

due to tllc enmgy transfer is given by [Al~~lJ1/ll,rl,  N 10-” 6, an(l the eccentricity

change  is lAel w 1 0-”7. For l>S1{,  111269--63, agaill using the para]l)cters  of 53.2, wc

llavc ?] w 108, for which 7\ (q) is cxtrcnlely  s]nall, :iud the dyllalnical tidal cfIccts  arc

tfllcrcfolw  colllplc%cly  l)cgligiblt:s.

IL is important to note that the actual  valum iiIld  signs of .A1’Orl,  a]ld Ae dqxmd

OH the damping of the tidii.lly  excited g- )no(lcs. If the damping tilllc is ]nuch longer

than the orbital pmiod,  the cllergy trallsfel for an cllipt,ic.al  cwl)it  will dcq)cILd on the

phases of the oscillations of different lnodes, and vtiries (both il] nlagnitudc  w~d sign)

from one passage to auother. 111 this case, cquatioll (21) only rc!prments  the typical

magnitude of Al’ Ior ~, not a steady l’~~b. OX]  the o{ her lmnd,  if tllc dalllpillg time is

much shorter than the orbital period, the cllcrgy tminsfcr  ]lear ]miastron  is a one-way

process, i.e., only from the orbit to the star. .’J’hcrcforc  A1’o~l)/l)o~b  and Ac are both

negative, i.e., the orbit decays and circularizes.

-—. —
5 Kochanck (1993) has previously discussed tllc dynallli  CIII tidal cfrects  ill the

context of PSR II 1259—63. Ilowcvcr,  the obscrvaiional  datzi  zivailable then did not

tillow hinl to draw wly firm cxmclusioll.
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Radiative damping is the dissipation nmchanism  for g-modes ill an early-type

IImin sequcmcc  star. Depending on detailed stellar ]nodels,  the typical darnpillg  time

is of order 100 years, although some g-moclcs  call lx: dalllljed  in less tllall  a year (e.g.,

Unno et al. 1979). If such a short damping tilncscalc applies to tile high order g-modes

c!xcitxxl  ill PSR JO045–-7319, orbital decay and cirt:~~lariz~itioll  may bc observable in

the timing data. A ]llorc accurate talc.ulat ion of this eff’cct  is complicated by the

rapid rotation of the B-star, which changes the g-l Ilode  structure when the rotation

frequency is comparable to the g-mode  frequel]  ties.

4.3 General Relativistic Orbital I)rccssions

General  relativity (GR,) also introduces periastron  advallcc and orbital plane

precession (I,wldau & I,ifshitz  1962; Barker & (j ‘C’onnell 1975):

‘1’l]c latter results frol]l the geodetic precession  of the collllmlioll  star’s spin (Ilote

that the spin angular momcnltum  of the pulsar is much sI]udlcr  than that of the!

conlpaxlion).  l~or PSR,  ,JO045-  -7319, usinx the pammet  crs given ill $3.1, we have

igl ~ 6 . 7  x  10-s  rad/yr,  and fll,~cc,~r  s 5.9 x  10--G  Ya(l/YI. ‘1’lIus GI1-illdllcc~l

pcriastron advance is c.onlparable  to the tidal cflkct,  but, o]]C older  of Inagnitu(lc

sl]]aller  tllwl tlw Ncwtolliall spin ef~cct.  Tl]c GR-illduc,cd orbital ]~rcc.cssion  is three

orders of lllagnitude sma]lcr than the Newtonizm  s] )in-induc.wl  quadruple eflkct.  For

PSR. R 12 J9--G3, the GR. cf~c!cts  are WC!]] slllaller  l)ecausc  of the larger orl)it.

5. DISCI)SS1ON

Sma.m & ]Ilandford  (1976) first discussed the Newtonial)  spill-orbit ef~ects  in the

context of PSR D 1913+16, That companioll  t,urn(:d  out to bc a neutron star, which

renders  t llcsc Newtonian cflccts  completely negligil )le and facili tat es excellent t csts of

geIleral  relativity (e.g., ‘1’aylor&  Wcisberg 1989). The recc]lt discovery of two radio

pulsar/IImin scqucncc  star binaries, PSR .10045 -7319 and PSR 111259--63, finally

allows for IIlc:iisllrc:lll(:llts  of tile apsidal  IIlotion aI ]d other  lly(llc)(lyllalllical  cf~ccts  in



binary pulsar systems. In this paper we have shown that the Newtonian spin-orbit

coup]illg is particularly important in PSR ,JO045—7319 axlcl l)S1/ 1] 1259—63 systems.

5.1 Constmints  on the 13inary Systems ancl Nvc)lution

W1lCI1  the spin-induced quadrupolc  is the domi]lant effect, I ucasuring L and di/di

provides valual)lc  informaticm  on the systcm:  (i) the sign of ti constrains the spill-orbit

aI@c d (cf. cq. (13));  (ii) the ratio of ti and di/dt ~-iclds  a relatiou  bctwcml  8 mld @;

(iii) the angle 6s.,,  is a fu*lctio,,  of t?, @ and i. Knowing i a]ld by choosing a reasonable

llillgC of t?~ll (e. g., for the PSR JO045—7319 systc)ll: since vrof  Hlustj bc snuallcr  than

the brealt-up  limit R 420 km/s, WC: havt! I siu 0,,( I S 195/420 : 0.46), wc obtain

another mlatioll lx:t,ween  O aIl(l I; (iv) With the aI]glcs detcrlnillc(l  frolll  (i)-(iii), the

ol)scrvcd wducs  of L and di/dt tllc]l  collstra.in  the stellar structure and rotatiou rate

of the colllpanion. 111 addition, long-term timi]lg observations will nlcasure  various

angles ill ad(litioll  to L and di/dt, yielding addit,  ioual const]-aillts  on the systc!m

parameters (SCW discussion following cq, (lb)),

Otjllcr  Wccts  nMy prove inlportallt for tllesc  systems, including the apsidal  mo-

tion due to tides and general  rclativitly.  ‘1’hc dyllanlical tide (34.2)  illduccs measurable

changes i u l’Or~ and c, 1 ]owcvcr, a dct ailed t heorct  i cal t rc!at IIlel lij of tlllis cflcct is conl-

plicatcxl  by the rapid rotation of the companion slar.

The iuforma.ticm  obtained from the systems can have impoltwlt  implications for

the cvolut,ion of neutron star binaries. For cxa] tlple,  if mass transfer in the prc-

supcrnova bimwy  forces S to lJC parallel to 1, (a VC] y likely sccl]ario), then a non-zero

spill-orbit a,I@c ill the ]]lllsar/lllaill-scquel]cc  star system illl])lic:s  I,llat  t,lle  supcrnowd

gavc~ the neutron star a kick velocity out of the original orhi tal plane. From the

values of 6’ and c of the currcllt systeln  (assuming that circ.u]a~ izatlion  and spill-orbit

alignlllcmt are not eilicicllt in the eumellt systcIIl ), one ]i]ay actually constrain the

kick velocity. ~ordcs & Wasserlnall (1984.) clisc.usscd  lLOW SUCIL kiclw might misalign

tllc tteutron star spin frolll tile orbital angular nlfmlcmtunl  in 1’S1/. 1913+ 16, giving

rise to mcasural}le  geodetic prcc.essiwl.
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I
5.2 X-ray Binaries

Insight into orbital plane precession might prove iml)ortant for accreting X-ray

pulsars as well.  Apsidal motion has been  searchcxl  for in eccentric.  accretillg systems.

In particular, the 20 upper limit on the apsidal  motion in tile eccentric 8.9 day

binary Vcla X-1 (which contains a supergiant) is b ~ = 1,6 deg/yr (Ileeter et al. 1987).

TanLura  et al. (1992) claimed a dctecticm  of apsidal  lnotion in tl).c cccclltric  DC systelll

4U 0115+63 at the level O = 0.030 + 0.016 deg/yr.  More rcccni,  observations of this

source with tllc IIMI’SI? illstrumellt  (Comillsky, Roberts  &, l“i~]gcr 1994) contradict

tile claim of Tamura ct al, (1992) ,  find no evidcllcc  for apsidal  xllotion.  IIowcver,

tllcse  IIlcasurclllcnlts  could lx l)iascd by the fact tll?it  al sin i was assumed  comtallt.

‘1’he less accurate arrival tilllcs  makes tllc scaI c.11  for orl~ital  ])laIlc prcc.cssioll  in

the ac.creting  X-ray pulsars ulore  difiicu]t than for radio pulsars. 1 lowcvm, the orbital

paranlcters  arc suiIicicllilly  accurate tl)at on<’ call sc:{rch for orl)ital  ] )rcccssioll  tllrougli

telllporally separated lllcasurclllcnts of al. sill i, the projected size of the orl)it for the

x-ray ])ulsar, ‘1’llc syst,el]l  4U 01 15+63,  wllicll  orl)its  a II(!-iyp(’  slar with l~,b  = 24

days  aIld has c =- 0,34 ]llay cxpericllc,c  Ai w 6 x 10–3 ra(l m-u a 17 yctir lja,sclillc

(froIll  equation (14) assuming a 10 ALf~,  main scqucmcc star with radius R =- G1t~,

k = 0.01 an(l rotatiug slowly enough, (1. N O.OL,  (w accidellta~]y  havillg  sin2 O C1O S C

to 2/3 so as not, to violate tllc upper limit 0110 frolll Colllinsky ct al. 1994), ‘1’llis is

a factor of 6 larger tlla]l tllc fractional error 011 az sill i mcasu]ed ill 1978 (Ibppaport

et al. 1 978) an(l IImy WC1l allow for a very sensitive mcasurell)t’llt,  of tllc rotation of

tllc IIc star ill this systclll.
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F’igurc Captions

F] G. 1.- Ilillary geometry and the definitions of different a~lglcs.  The invariable

pla]le  (XY) is pcrpcndiculm  to the total alqydar 11 Lomen{ulll  vector J = I, + S, and

the lilm-of-sight  unit vector n lies in the YZ plane, making an angle  iO with J. The

inclination of the orbit with respect to the invariable plane  is OC (which is also the

pmc.cssion  cone angle of 1, mound  J), while! the orbital inclilmtioll with respect to the

pla)lc of the sky is i. The angle  between 1, and S is 0. The orbital plane intersects the

invariable pkulc at asccmding node A, with a longitude @ nlcasured in the invariable

plane  (@ is also the phase of the orbital plane  precession), The d.yllamical  longitude of

periastroll  (point 1’), N]casurcd in the orbital plane, is X. q’he 01 )scrvational  longitude

of pcriastrcn]  is w (not show31 in the Figure).

]i’](; , 2.. Simulated pulse  arrival times for PSli JO045- 7319. The upper panel

shows the residuals froln a flt of a pure I{cplcrial L orbit to fake pulse arrival time

data ( “measule(1 ’) daily for four years) for a binary pulsar like I’SR tJO045–7319

in which apsidal  MIVWIC.C and orbital phme  precession arc im])ortant. ‘J’hc middle

paIIel  S11OWS  the residuals from a fit of this fak[! dttta  salllpled  only at tllosc epochs

coillciding  with actual observations of the pulsar. The two vertical solid lines  show

epochs of pcriastrcnl separated by 11 orbits. The lower pwlels  show C.1OSC-U]>S of those

epochs; the! observed trc]lds in the residuals arc similar to t]losc observed by Kaspi

et al. (1995a).

20



!,,

\

z

J

i

.,



,,.

I I I I I I ‘—-r~  ‘ I I I

%() :
3
‘a
“V& 100 :

I I

(x
i- 1 1 I 1 L.———L——_—___  I 1 I I

48500 49000 49500
MJD

“d ()
5
‘a
“~–loo

● ✎✘
,*O ● ●

●
o

L I I I 1 I 1

:0

1 1 I 1 1 I 1 I I 1.1. -1

48500 . . . . . . .
..:..  -4;~oy ..49ioi)

‘1
: ~-. .. .. .. .,,. .. . t**::*.. .. .
0,, .. ,. .. .. .
0 ,

.,

— .
T————

● a)8

1 I . ,
. ,
, ,
. ,
. ,
. .
, ,
, ,
. ,

#* ● :

● ●
s ,
. ,
. ,
. ,
. ,
. ,
, .

, . , -.

(n’ 100 c+-1-~i

. .
..”. MJD ,.. ” .. . . . . . .,..,.. . . .. . . . . . .. .. . . .* ..’.. . . . . ..“ . .. ..-” . . . .. .. . . . .. . . .“ ~ ..’. .. . . . . .. . . ..“a- 1 I I I 1 I I

G k
I

I
I

A

E- -l— Uv

[11 !ll~

●

z
3

0 *4
●

●O
m

●

.+ – 5 0
m
S –100 39520 49540

.-9
a .,@

●

J- 1 1 I 1 1 I I
48960 48980

ID d

MJD MJD


